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Models of cosmic inflation posit an early phase of accelerated expansion of the universe, driven by
the dynamics of one or more scalar fields in curved spacetime. Though detailed assumptions about
fields and couplings vary across models, inflation makes specific, quantitative predictions for several
observable quantities, such as the flatness parameter (Ωk = 1−Ω) and the spectral tilt of primordial
curvature perturbations (ns − 1 = d lnPR/d ln k), among others—predictions that match the latest
observations from the Planck satellite to very good precision. In the light of data from Planck as well
as recent theoretical developments in the study of eternal inflation and the multiverse, we address
recent criticisms of inflation by Ijjas, Steinhardt, and Loeb. We argue that their conclusions rest
on several problematic assumptions, and we conclude that cosmic inflation is on a stronger footing
than ever before.
I. INTRODUCTION
Did our universe undergo a period of accelerated ex-
pansion in the early stage of its evolution? If so, does it
play an important role in explaining observable features
of our universe today?
We define the “inflationary paradigm” to mean that
the answer to both of these questions is “yes” [1, 2].
As we argue here, the inflationary paradigm draws upon
well-motivated physical interactions and types of mat-
ter. The inflationary explanations for the homogeneity
and the flatness of the universe can be understood in the
context of classical general relativity, and even the ori-
gin of density fluctuations can be accurately described
in the context of quantum field theory on a classical,
curved spacetime [3], a theoretical framework that has
been thoroughly studied for decades [4]. Moreover, rea-
soning about the behavior of fundamental scalar fields is
on a stronger footing than ever, in the light of the recent
observation of the Higgs boson at the LHC [5, 6].
As is well known, inflation makes several generic pre-
dictions [7, 8]. The observable universe today should be
flat, i.e., |Ωk| ≪ 1, where Ωk ≡ 1 − Ω. There should
exist primordial curvature perturbations whose power
spectrum PR(k) ∼ kns−1 has a slightly tilted spectral
index, |ns − 1| ≪ 1, typically red-shifted. Unless the in-
flaton potential or the initial conditions are fine-tuned,
the primordial perturbations should be predominantly
Gaussian [9]. Modes of a given (comoving) wavelength
should “freeze out” upon first crossing the Hubble radius
during inflation, remain (nearly) constant in amplitude
while longer than the Hubble radius, and then resume
oscillation upon reentering the Hubble radius. The tem-
poral oscillations of modes with nearby wavelengths are
therefore coherent [10], giving rise to a sharp pattern of
peaks and troughs in the cosmic microwave background
(CMB) power spectrum. These generic predictions are
consequences of simple inflationary models, and depend
only on the physics at the inflationary energy scale, i.e.,
the energy scale of the final stage of inflation, as observed
in the CMB. We will refer to these as inflation-scale pre-
dictions. To date, every single one of these inflation-scale
predictions has been confirmed to good precision, most
recently with the Planck satellite [11].
Despite these successes, Ijjas, Steinhardt, and Loeb
(ISL) [12] have recently argued that the inflationary
paradigm is in trouble in the light of data from Planck.
They agree that a class of inflationary models make pre-
dictions that agree with experiment, which is how theo-
ries are usually evaluated, but they bring up a different
issue. They argue that if one starts at the Planck scale
with reasonable assumptions about initial conditions, the
successful inflationary models are “exponentially unlikely
according to the inner logic of the inflationary paradigm
itself.” In this paper we argue that this is not the case
by addressing each of their specific points. We will ar-
gue that their negative conclusions rely on unfounded
assumptions, and can be completely avoided under what
we consider to be more reasonable assumptions about
the physics between the inflationary scale and the Planck
scale.
We also believe, as a matter of principle, that it is
totally inappropriate to judge inflation on how well it
fits with anybody’s speculative ideas about Planck-scale
physics—physics that is well beyond what is observation-
ally tested. All theories of evolution begin with assump-
tions that are taken to be plausible, but which are usu-
ally not directly verifiable, and then the theories make
predictions which can be tested against current observa-
tions. We do not reject Darwinian evolution because it
does not explain the actual origin of life; we do not reject
big-bang nucleosynthesis because it does not explain the
homogeneous thermal equilibrium initial state that it re-
quires; and we should similarly not even consider reject-
ing the inflationary paradigm because it is not yet part
of a complete solution to the ultimate mystery of the ori-
2gin of the universe. For us, the implications go the other
way: the successes that inflation has had in explaining
the observed features of the universe give us motivation
to explore the speculative ideas about the implications of
inflation for questions far beyond what we can observe.
If inflation occurred in the early universe, then the ev-
idence of its own initial conditions would be effectively
erased, as described by the cosmic no-hair conjecture [13].
Thus, the earliest moments of inflation, or anything that
might have come before, are extremely difficult to probe
observationally. Nonetheless, the inflationary framework
does provide resources with which to address important
open questions, such as the initial conditions at or near
the Planck scale. Within that framework, important ad-
vances have been made in recent years on topics such as
eternal inflation [14], the multiverse and various propos-
als to define probabilities [15–20], and the possible role of
anthropic selection effects [21–23]. Most important, as we
discuss below, the inflationary paradigm has expanded
beyond what was once the dominant view, prevalent in
the 1980s, which tended to focus on a single phase of
“chaotic” inflation [24]. Given recent progress on both
the observational and theoretical fronts, we believe that
the inflationary paradigm is in far better shape than ever
before.
The remainder of this paper is organized as follows. In
Section II, we discuss the implications of the Planck 2013
data. In Section III we discuss the initial conditions for
inflation, in Section IV we discuss the issue of predic-
tions in the multiverse, in Section V we discuss what ISL
call the inflationary “unlikeliness problem,” and in Sec-
tion VI we discuss the possibility that the Higgs poten-
tial turns negative at large field values. We summarize
in Section VII.
II. PLANCK 2013 DATA
ISL argue that the Planck 2013 data prefers single-field
inflation over more complicated possibilities, and that a
“plateau-like” potential looks better than other simple
potentials such as power-law potentials. They argue that
these facts lead to significant challenges to inflation.
The relevant observational constraints on the shape
of the potential come from r, the ratio of the power
spectra of tensor and scalar perturbations. For single-
field models, r is proportional to the slow-roll parameter
ǫ ≡ −H˙/H2 and hence to (V,φ/V )2. Thus small values
of r require modest slope of the inflationary potential,
at least in the vicinity of φI ≡ φ(tI), where tI is the
time during inflation when cosmologically relevant length
scales first crossed outside the Hubble radius.
On their own, the Planck data constrain r < 0.12
at the pivot scale k∗ = 0.002 Mpc
−1 at 95% CL [11].
This bound represents an impressive improvement from
the WMAP9 constraint (r < 0.38 [25]), although it is
comparable to the constraints that arise from combining
WMAP data with data from the South Pole Telescope
(SPT) and measurements of the baryon acoustic oscilla-
tions (BAO): r < 0.18 for WMAP7+SPT and r < 0.11
for WMAP7+SPT+BAO [26]. The Planck constraint is
little changed if one incorporates data from SPT, BAO,
the Atacama Cosmology Telescope (ACT), and large-
scale polarization data from WMAP9; these combina-
tions yield r < 0.11− 0.13 [11].
The constraint r < 0.12 is low enough that the simple,
single-field model with V = λφ4 falls outside the 95% CL
contour if one makes the usual assumptions about re-
heating and the thermalization energy scale after infla-
tion. Another simple model, with V = 1
2
m2φ2, lies at
the boundary of the 95% CL contour, although it moves
more squarely into the allowed region if the pivot scale
corresponds to N∗ = 63 e-folds before the end of infla-
tion [27] rather than N∗ ≤ 60.
Thus the latest data, while certainly impressive, hardly
rule out simple models with polynomial potentials, al-
though they do constrain parameter space at the 1σ – 2σ
level. Nonetheless, ISL raise the conceptual question of
whether plateau-like potentials are evidence against the
inflationary paradigm. The main point of this paper is
to argue that even if the final stage of inflation, as ob-
served in the CMB, is determined definitively to occur
on a plateau-like potential, the inflationary paradigm is
not in trouble at all. As we discuss in the next section,
the preferred scenarios might simply depart from a view
about the onset of inflation that was commonly held two
to three decades ago.
III. INITIAL CONDITIONS
In this section we will assume, for the purpose of dis-
cussing ISL’s conclusions, that the observable phase of
inflation—the phase which we believe produced the den-
sity perturbations that we now measure in the CMB—
indeed occurred on a “plateau-like” potential. The con-
straints on r discussed above then require the height of
the plateau VI to be no bigger than about 10
−12M4
Pl
,
where MPl ≃ 1.22 × 1019 GeV is the Planck scale. Be-
cause this energy density is so low, ISL argue that one
needs very fine-tuned initial conditions at the Planck
scale in order to have an approximately homogeneous
region of Hubble size after the energy density falls to the
needed value. In particular, they argue that one can-
not use the simple chaotic picture 1
2
φ˙2 ∼ 1
2
|∇φ|2 ∼ V
near φ ∼ MPl to start the observable inflation, since
the plateau potential energy density cannot be that high.
With 1
2
φ˙2 ∼ 1
2
|∇φ|2 ≫ V ∼ 10−12M4
Pl
at the Planck era,
ISL argue that a Hubble-sized region of homogeneity at
the onset of inflation would require a region of homogene-
ity at the Planck scale of at least 1000 Hubble lengths.
We do not agree with this estimate, which in our view
is based on false assumptions. A very plausible way to
cool from the Planck scale to energy densities of order
VI , while maintaining homogeneity, is to imagine start-
ing from a region of negative spatial curvature, k < 0, so
3that it locally resembles an open Friedmann-Robertson-
Walker universe.1 Note that k = 0 would be a very spe-
cial case, and that regions with k > 0 would recollapse
before reaching VI , unless they were very close to being
flat. The curvature term in the Friedmann equation, like
the gradient energy 1
2
|∇φ|2, scales as 1/a2(t), where a(t)
is the scale factor. The scalar field kinetic energy 1
2
φ˙2
scales as 1/a6(t), so the 1/a2(t) terms will quickly dom-
inate, leading to the behavior a(t) ∝ t. If we make the
plausible assumption that a region of homogeneity grows
with the expansion of the universe, then both the size of
the region and the Hubble length grow proportionally to
t, and a Hubble-sized region at the onset of inflation re-
quires no more than a Hubble-sized region at the Planck
scale.
While the above argument seems reasonable, critics
might argue that we are being overly optimistic, because
perhaps the comoving size of the region of homogeneity
might shrink as the universe evolves. The worst case
would be a scenario in which the inhomogeneity from
outside the region propagates inward, limited only by the
speed of light.2 In that case, the physical radius r(tI) of
the region of homogeneity at the onset of inflation can be
related to the radius r(tPl) of homogeneity at the Planck
scale by
r(tI) = a(tI)
[
r(tPl)
a(tPl)
−
∫ tI
tPl
dt
a(t)
]
. (1)
If we set r(tI) = H
−1(tI) and H
2(tPl) ≡ 8pi3 M2Pl, and
assume that a(t) ∝ t, the above equation becomes
r(tPl) =
1
H(tPl)
[
1 + ln
(
H(tPl)
H(tI)
)]
> 13.9H−1(tPl) ,
(2)
where we have used the Planck 2013 95% CL con-
straint [11] that H(tI) < 3.7 × 10−5MPl/
√
8π. Thus,
even in this worst case scenario, the factor of 1000 given
1 We thank Alex Vilenkin for pointing this out. Alternatively,
universes with nontrivial topology, such as a torus, can also cool
from the Planck scale to low energies while maintaining homo-
geneity [28]. In this scenario it is even possible for initial inho-
mogeneities to be smoothed by “chaotic mixing” [28, 29].
2 The claim that this is the worst possible case can be investigated
rigorously in the context of classical general relativity, and the
relevant theorems are discussed in detail by Wald [30]. For Ein-
stein’s equations in vacuum, Theorem 10.2.2 implies as a special
case that if an initial spacelike slice contains a region S described
by a Robertson-Walker metric, then the future domain of depen-
dence of S—the region calculated in Eqs. (1) and (2)—will be
unperturbed, regardless of what is outside the region S. Condi-
tions outside of S cannot affect anything inside the future domain
of dependence, and cannot affect where the boundary of that re-
gion occurs. On pp. 266 and 267, Wald discusses extensions of
this theorem when matter is included, at least for simple forms of
matter. While the theorem has not been proven for all forms of
matter, we think it is safe to assume that any acceptable theory
of matter would satisfy these basic causality properties.
by ISL is replaced by a factor of 13.9. Synthesizing the
calculations described in this paragraph and the previ-
ous one, we conclude that a Hubble-sized homogeneous
region at the onset of inflation requires only a region of
homogeneity at the Planck scale of order 1–15 Hubble
lengths.
Besides our disagreement about the required size of
the region of homogeneity at the Planck scale, we more
significantly disagree with the entire premise of the ar-
gument. ISL’s argument is predicated on the assump-
tion that the final stage of inflation—whose last N ∼ 60
e-folds correspond to the observable inflation—was the
end of an uninterrupted phase of inflation that began at
the Planck scale. That requirement is tantamount to as-
suming that V (φ) is essentially featureless between the
values of φ at the Planck era and the era of observable
inflation. Given recent developments in high-energy the-
ory (e.g. the revised understanding of the vacuum struc-
ture in string theory [15] and the idea that the effective
theory below the Planck scale may contain multiple—
often separate—sectors [31]), we find it very plausible
that V (φ) is much more complicated than that, with
multiple fields and many local minima. Thus we see little
reason to expect (let alone require) that a single phase
of early-universe inflation stretched all the way from the
Planck to the observable inflation eras.
For example, the final stage of inflation could plausi-
bly have begun by tunneling from some other metastable
state. In that case, the inflation in the previous
metastable state together with the symmetry of the
Coleman–De Luccia instanton [32] would ensure spatial
homogeneity (small |∇φ|2) prior to the last stage of infla-
tion. (Since the bubble nucleation rate is exponentially
suppressed, it is highly likely that the field before the
tunneling event was in a metastable state, providing the
right circumstances for Coleman–De Luccia tunneling.)
Moreover, the evolution of the bubble universe after tun-
neling begins with φ˙ = 0 and strong Hubble damping of
φ˙ (H ∼ 1/t), so at least in simple models [33, 34] φ˙2 is
never large enough to interfere with the onset of slow-roll
inflation.
In this scenario, the universe would be homogeneous
before the final stage of inflation. Yet the universe im-
mediately after tunneling would be an empty, curvature-
dominated (open) universe. To produce a matter-filled
universe like the one in which we live, the tunneling
would have to be followed by a period of slow-roll infla-
tion. (Since the curvature term in the Friedmann equa-
tion falls off as 1/a2, after a time it can become dom-
inated by vacuum energy, with ρvac ∼ const. Neither
matter (ρmat ∼ 1/a3) nor radiation (ρrad ∼ 1/a4) can
overtake the curvature term, except through an interme-
diate stage of vacuum energy domination.) Followed by
the standard reheating process, the inflation would lead
to a hot big-bang universe. Moreover, if the duration of
the slow-roll inflation were longer than N ∼ 60 e-folds,
then the flatness of the universe would be explained [1, 2],
and the origin of structures could proceed as envisioned
4in Ref. [35], and calculated in Ref. [36].
The point we wish to emphasize is that inflation with
what we consider a realistic form of V (φ), containing
many local minima and hence many metastable states,
would generically lead to multiple phases of inflation.
The observable properties of our universe today, as seen
for example in the CMB, would be sensitive to the fi-
nal phase of inflation, whereas details of the earlier pro-
cesses would likely remain hidden from view, having been
stretched far beyond the current horizon by the last
N ∼ 60 e-folds of inflation. Given the well-known attrac-
tor behavior of slow-roll inflation [8, 37], quantitative pre-
dictions for observable quantities such as Ωk, ns, r, and
α = dns/d lnk are essentially independent of anything
that preceded the final phase of inflation. Like any self-
consistent effective field theory, inflation can be used to
make specific predictions without knowing the exact be-
havior of the theory at arbitrarily high energies. In par-
ticular, the predictions do not require knowledge of the
prior phases of inflation [8] or of Planck-scale physics [38].
ISL considered (in their Fig. 1d) the possibility that
we discuss, with a tunneling episode prior to the slow-
roll inflation, raising two criticisms with which we dis-
agree. First, they argue that this approach involves
adding “complicated features . . . for the purpose of turn-
ing an unlikely model into a likely one.” From our point
of view, such “complicated features” are highly plausible
in the context of the current understanding of particle
theory. ISL further argue that the plateau shape of the
low-energy part of the potential is not a consequence of
inflation, but instead is chosen only to fit the Planck data,
a situation which they describe as “trouble for the [in-
flationary] paradigm.” It is of course true that inflation
does not determine the shape of the potential, and indeed
most inflationary theorists, including us, would consider
a 1
2
m2φ2 or a λφ4 potential to be a priori quite plau-
sible for the low-energy part of the potential. But this
only means that (given current theoretical technology)
the details of inflation will need to be determined by ob-
servation. Many of the features of the standard model
of particle physics are also determined by observation;
this situation might suggest that some deeper theory un-
derlies the standard model, but we do not think that it
spells trouble for the standard model paradigm.
So far our arguments have depended only on the recog-
nition that V (φ) might plausibly be a complicated func-
tion, with many local minima, as suggested by current
ideas in particle theory, such as string theory. But once
we consider a potential energy function with more than
one metastable local minimum—or any potential energy
function with a gentle plateau region—then eternal in-
flation seems unavoidable. ISL refer to this as the “mul-
tiverse problem.” While we do not consider it a “prob-
lem,” we agree that the multiverse is a very likely con-
sequence. Regions filled with metastable “vacua” will
generically inflate at a rate much faster than they decay,
so the volume of inflating regions will grow exponentially
as a function of the proper time, with no upper limit.
The metastable vacua will decay by bubble nucleation,
producing “pocket universes” at a rate that grows with
the volume, and hence exponentially as a function of the
proper time.
If this multiverse picture is combined with rather mild
assumptions about anthropic selection effects, then it be-
comes very plausible that we live in a pocket universe
which has undergone inflation, with no particular preju-
dice about whether the potential is plateau-like or not.
As described above, the pocket universe after tunneling
would be a homogeneous open universe, with the scalar
field that tunneled starting with φ˙ = 0. The amount
of slow-roll inflation that follows depends on the shape
of the potential. Statistics alone would presumably fa-
vor small amounts of inflation if any, but Refs. [33] and
[39] argue that simple assumptions about the probability
distribution for slow-roll potentials imply that the prob-
ability density for having N e-folds of slow-roll inflation
falls off for large N only as a power of N : P (N) ∼ 1/Np,
with p ≥ 0 and p ∼ O(1). Furthermore, Ref. [33] argues
there there is an anthropic minimum for the duration of
the slow-roll inflation, N >∼ 59.5, based on the require-
ment that galaxy formation is possible. We consider this
a rather mild anthropic assumption, motivated by logic
that parallels closely the logic of the anthropic bound on
vacuum energy density [21]—both vacuum energy and
curvature suppress the growth of structure.
Although we have invoked an anthropic constraint on
N , we emphasize that inflation is an essential part of the
explanation. The anthropic constraint alone would give
only Ωk <∼ O(1). To explain the observed flatness of the
universe, |Ωk| <∼ 0.01 [11], we need inflation, with its ex-
ponential sensitivity of Ωk onN , Ωk ∝ e−2N . Only about
2.5 e-folds of inflation beyond the minimum are needed
to explain the observed level of flatness. According to the
estimates of Refs. [33] and [39], the relevant conditional
probability is large; given that there is enough inflation
to satisfy the anthropic cut (N >∼ 59.5), the probabil-
ity that there is enough inflation to explain the observed
level of flatness (N >∼ 62) is very nearly one.
To summarize, the possibility that the final stage of
inflation was preceded by a bubble nucleation event is
at least one way that fine-tuning issues can be avoided.
The prior inflation in a metastable state can occur with-
out any significant fine-tuning of initial conditions—all
that is necessary is that the inflaton field roll down to a
local minimum with positive energy density. The tunnel-
ing must be followed by a period of slow-roll inflation, but
with a complicated V (φ), as we would expect, it is very
plausible that this occurs somewhere in field space. An-
thropic selection effects can then make it plausible that
we live in a pocket universe that evolved in this way.
Moreover, one need not know how our observable uni-
verse came to undergo its final phase of inflation in order
to make specific, quantitative predictions for observable
quantities today.
5IV. THE MULTIVERSE AND
PREDICTABILITY
ISL refer to a “multiverse-unpredictability” problem,
and in the discussion they raise two issues. First, they
argue that the plateau potentials favored by Planck will
lead to eternal inflation, and hence the measure prob-
lem [40]. We agree that if the observable inflation oc-
curred on a plateau-like potential, eternal inflation seems
very likely. It can occur either while the scalar field is at
or near the top of the plateau, or in a metastable state
that preceded the final stage of inflation. We also agree
that this leads to the measure problem: in an infinite mul-
tiverse, we do not know how to define probabilities. Since
anything that can happen will happen an infinite num-
ber of times, the distinction between common events and
extremely rare events requires a comparison of infinities,
and that requires some method of regularization. We do
not yet know what is the correct method of regulariza-
tion, or even what physical principles might determine
the correct answer. While we agree that this question is
unanswered, we feel that acceptable measures (i.e., reg-
ularization prescriptions) have been proposed (e.g. [16–
20]), and that the mere fact that we have not solved this
problem is no reason to believe that nature would avoid
eternal inflation. Nature does not care whether we un-
derstand it or not. However, since the measure problem
is not fully solved, ISL are certainly justified in using
their intuition to decide that eternal inflation seems un-
likely to them. To us, the measure problem is simply an
important problem that remains to be solved.
One reason for believing that the measure problem
must be solved anyway is that the circumstances that
lead to it are hard to avoid. The cyclic model, for exam-
ple, seems to also have a measure problem. In Ref. [41],
Johnson and Lehners study cyclic models that include
a dark-energy-dominated phase, concluding that there is
a measure problem, with probabilities that depend on a
cut-off procedure for which there is no a priori way to
determine. They go on to claim that it is easier to find
an acceptable measure in the context of cyclic cosmology,
but the existence of the measure problem is not avoided.
While Johnson and Lehners confined their remarks to a
subclass of cyclic models, we believe that the measure
problem exists in all cyclic models. The measure prob-
lem pertains to all probabilities, not just the probability
of finding oneself in a particular phase. For any model in
which anything that can happen will happen an infinite
number of times, the measure problem applies.
The second issue that ISL include in the multiverse-
unpredictability discussion is a claim that if there is a
multiverse, then we should observe a large number of
many-σ deviations from predictions of our theories. That
is, they argue that inflation fails because it describes the
data too well. We emphasize that the existence of a
measure problem does not mean that probability theory
fails. The different measures that have been proposed,
and presumably the correct measure that we seek, obey
all the standard properties of probability theory. (Any-
thing that can happen will happen, but not with equal
probability.) The predicted probabilities will depend on
the measure, but we should expect that they will not dif-
fer radically from naive expectations, just as physicists
in the 1920’s could have expected that the emerging the-
ory of quantum mechanics was not going to predict that
cars should start tunneling out of their garages. That
is, any acceptable extension of the laws of physics must
be consistent with the older theories in the regime where
the older theories have been tested successfully. The mea-
sures discussed in Refs. [16–20] all fit this criterion. Since
all the basic axioms of probability theory are intact, an
event with a probability of 1/10 would be expected to
occur about once in every 10 trials, as usual.
V. INFLATIONARY “UNLIKELINESS
PROBLEM”
ISL admit that inflationary plateau-like models obvi-
ously pass the test of giving predictions that agree with
observation, thereby satisfying the criterion that is gen-
erally used to define the success of a theory. They argue,
however, that this is not enough. In what they call the
inflationary “unlikeliness problem,” they contend that in-
flation occurring on a plateau is exponentially unlikely
compared to inflation in a power-law potential. As a
simple example, they consider the plateau potential
V (φ) = λ(φ2 − φ20)2 , (3)
which has a plateau for |φ| ≪ φ0, but behaves like a
power-law potential for |φ| ≫ φ0. They argue that there
is a much larger range ∆φ of scalar field values available
in the power-law region, and a much larger maximum for
the number Nmax of e-folds of inflation, implying that
inflation on the power-law part of the potential is expo-
nentially more likely than inflation on the plateau.
In making this claim, ISL seem to have put themselves
in the peculiar position of arguing, on the one hand, that
eternal inflation leads to infinities, “potentially render-
ing inflationary theory totally unpredictive,” while at the
same time arguing that they can tell us what inflation
predicts, and that it is unambiguously at odds with the
plateau behavior that the Planck observations favor.
At the level of inflation-scale physics, inflation on
the power-law and the plateau parts of the potential of
Eq. (3) are two distinct models, each perfectly consistent.
In comparing the likelihood of the two we need to con-
sider Planck-scale physics, asking which inflation-scale
scenario is more likely to develop from an assumed de-
scription at the Planck scale. Since we and ISL agree that
these models lead to eternal inflation, it is in this context
that we will discuss their argument. We believe that it
is possible to make plausible predictions about Planck-
scale issues in the context of eternal inflation, but they
must be made carefully, choosing a probability measure
which is at least free of known problems. Unlike ISL,
6we would view the success or failure of such predictions
not as a test of the inflationary paradigm, but rather as
part of our exploration of the measure problem. So far
predictions based on multiverse calculations have been
pretty much limited to gross dynamical properties of the
universe, such as the cosmological constant [16, 42] or
Ωk [43]. Detailed particle physics issues, like the relative
likelihood of finding a scalar field in one range of values
vs. another, depend sensitively on the underlying particle
dynamics, and do not appear to be even approachable at
the present time. Thus, if we assume that the final slow-
roll inflation occurred in the potential of Eq. (3), in our
view there is no way of knowing whether we should expect
it to have occurred on the plateau or on the power-law
part of the potential.
Nevertheless, ISL’s argument for an “inflationary un-
likeliness problem” sounds reasonable on a first reading,
so we would like to look at it more carefully. They ar-
gue that inflation on the power-law side of the potential
is more likely because it allows a much larger range ∆φ
of the scalar field, and a much larger maximum number
Nmax of e-folds of inflation.
We consider first the claim that the larger range ∆φ
of scalar field values implies that inflation on the power-
law side is more likely. If the physical system consisted
of a single scalar field φ which started with random ini-
tial conditions at the Planck scale, then ISL’s argument
would be persuasive. But the situation is not so clear if
we consider the multiverse, or even if we just consider a
more complicated system of scalar fields.3 For example,
if the plateau inflation was preceded by a tunneling event,
then ∆φ and Nmax for the power-law side would have to
be compared not with the corresponding values for the
plateau, but instead with the corresponding values for
the metastable state from which the tunneling occurred.
In this case ISL’s argument for the larger amount of in-
flation on the power-law part of the potential completely
disappears.
Furthermore, it is easy to construct models in which
the plateau center, φ = 0, is an enhanced symmetry
point, which can make it a likely endpoint of either tun-
neling or the stochastic evolution of scalar fields, even if
the range of φ on the plateau is very small. For example,
with multiple scalar fields in the theory, it is quite plau-
sible that there are metastable vacuum states for which
the inflaton field φ = 0, with nonzero values for some
or all of the other fields. The dominant decay of such
states could very plausibly maintain φ ≈ 0. Similarly,
if the potential energy function includes a term λφ2ψ2,
where ψ is another scalar field which has a large value at
early times, then φ can plausibly settle into its minimum
energy state, φ ≈ 0, before ψ becomes small.
3 It is conceivable that string theory might not even allow field
values much larger than MPl, in which case the large range of
∆φ on the power-law side would be an illusion.
Turning now to the claim that the probability of infla-
tion on the power-law side is exponentially enhanced by
the larger value of Nmax, we first point out that this ar-
gument also disappears if we assume that the final stage
of inflation was preceded by a tunneling event. But even
if that is not the case, the issue of whether a large Nmax
leads to a large probability is precisely the kind of ques-
tion that plays a major role in the discussion of measures,
and hence must be handled with care.
The simplest measure, known as proper-time cutoff
measure [17, 44], selects a finite sample spacetime vol-
ume of the multiverse by considering only events that
occur before a final cutoff hypersurface that is chosen
as a hypersurface of constant proper time. The relative
likelihood of events of different types is determined by
counting the numbers of events in this sample spacetime
volume, and then taking the limit as the final proper-time
hypersurface is taken to infinity.4
While the proper-time cutoff measure seems intuitive,
it has been found to lead to a gross inconsistency with
experience, often called the “youngness problem” [8, 45–
47]. The problem is driven by the huge disparity in
time scales: the scale factors of the most rapidly inflating
metastable false vacua are expected to have time con-
stants of perhaps τmin ∼ 10−37 s, while the time scales
relevant to the questions we ask might range from seconds
to gigayears. The growth of the sample spacetime volume
is dominated by the most rapidly inflating vacua, so it is
expected to grow as a function of τcutoff with a time con-
stant close to τmin. Since the growth is exponential, most
of the spacetime volume will lie within a few time con-
stants of the final hypersurface. Thus, most of the pocket
universes that form in the sample spacetime volume nu-
cleate within a few time constants of the final hypersur-
face, and pocket universes that are older by some time
interval ∆t are suppressed in probability by the smaller
volume available at these earlier times, proportional to
e−3∆t/τmin. Proper-time cutoff measure implies, there-
fore, that the statistical distribution of pocket universes
is strongly biased toward very young universes. Pocket
universes as old as ∆t = 14 billion years, for example,
are suppressed by a factor such as e−3∆t/τmin ∼ 10−1055 .
Tegmark [8] connects this strongly biased probability dis-
tribution to observation by estimating the probability
that we find ourselves in a pocket universe old enough
for the CMB temperature to be less than 3 K, finding
4 Proper time is of course not a globally defined quantity in gen-
eral relativity, so the meaning of a proper-time cutoff needs to
be described more carefully. One begins by choosing an arbi-
trary initial spacelike hypersurface of finite extent. One then
constructs a congruence of geodesics that begin on the hypersur-
face and normal to it, extending toward the future. The sample
spacetime region is then chosen to be the region swept out by
these geodesics, each followed for a proper time τ = τcutoff . It is
expected that as τcutoff →∞, the resulting probabilities become
independent of the choice of the initial hypersurface.
7that P (TCMB < 3 K) ∼ 10−1056 .5 Thus, the proper-time
cutoff measure is emphatically ruled out by observation.
ISL recognize the failure of the proper-time cutoff mea-
sure, which they describe as “weighting by volume,” and
yet their argument about a purported “inflationary un-
likeliness problem” critically depends upon that flawed
measure. Measures that are currently considered accept-
able, such as those in Refs. [16–20], all avoid the young-
ness problem in one way or another, and they also sat-
isfy several other consistency checks (see, for example,
Ref. [48]). All lead to the conclusion that the probability
of finding oneself in a particular type of pocket universe
is not enhanced by the amount of slow-roll inflation that
occurs in that type of pocket universe.
Of the various known ways to avoid the youngness
problem, perhaps the simplest to describe is the scale-
factor time cutoff measure, which differs from the proper-
time cutoff measure only by the choice of the time vari-
able. Instead of using proper time to define the final
cutoff hypersurface, one uses scale factor time tsf , which
in the context of a Friedmann-Robertson-Walker universe
is just equal to the logarithm of the scale factor. In an
arbitrary spacetime, scale factor time can be defined as
1/3 times the logarithm of the volume expansion fac-
tor.6 The volume of any comoving region then increases
as e3tsf , so there is no youngness problem, since there
is no large discrepancy in time scales, and regions with
large values ofH are no longer given an enhanced weight.
Note that this measure is just as much volume-weighted
as the proper-time cutoff measure—it is just the time
coordinate that is different. Once the cutoff is chosen,
all volumes under the cutoff are counted equally. Note
also that we did not use the Planck data to influence our
choice of measure; the absence of an enhancement from
slow-roll inflation was implied by other—rather basic—
considerations about probabilities, independent of any
CMB data.
Without the strong exponential preference, the relative
probabilities of the two starting points for the last stage
of inflation—plateau-like or outer wall—become the issue
of complicated dynamics in the multiverse, and we are
unable to compute which will dominate with our current
5 Tegmark’s result is more extreme than the probability of 10−10
55
that we quote based on age, a discrepancy that appears to be
due to unimportant approximations. The bottom line however
is clear: in proper-time cutoff measure, it is absurdly improbable
for us to find ourselves in a universe as old as what we see.
6 In more detail, one begins by choosing an arbitrary initial space-
like hypersurface of finite extent, as in proper-time cutoff mea-
sure, and again one constructs a congruence of geodesics that
begin normal to this surface. An interval of scale factor time
along a worldline is given by dtsf = Hdτ , where dτ is the proper
time interval and H is the local expansion rate of the geodesic
congruence. Equivalently, one could imagine filling the initial
hypersurface with a uniform density of dust particles that subse-
quently follow the geodesics of the congruence. Scale factor time
is then −1/3 times the logarithm of the density of dust.
knowledge and technology.
To summarize, we have argued that there is no reason
to conclude that inflation predicts that plateau inflation
is unlikely. We have indicated that the larger range ∆φ
of scalar field values allowed for power-law inflation is ir-
relevant if the final stage of plateau inflation is preceded
by a tunneling event, and that in multifield models the
plateau can be favored as an enhanced symmetry point.
We have also pointed out that in proposals for a proba-
bility measure that are currently considered acceptable,
the larger amount of inflation that might be expected
for power-law potential inflation does not lead to an en-
hanced probability.
VI. INFLATION AND THE LHC
ISL close their paper with one final argument, which in
this case is based on the LHC, rather than Planck 2013.
They argue that perhaps the absence of evidence for
physics beyond the standard model should be extrapo-
lated to a claim that there is no new physics up to the
Planck scale. In that case, given the measurements of
the top quark and Higgs masses, the Higgs field poten-
tial energy function is predicted to reach a maximum,
and then to decrease to a large negative vacuum energy
density. While the barrier is high enough to give a life-
time for our vacuum that is large compared to the age
since the big bang, ISL argue that it is highly unlikely
for the Higgs field to end up in the tiny pocket around
the correct electroweak breaking minimum, since there is
a vastly larger region of field space in which it would roll
toward Planck values.
As ISL noted themselves, the problem may evaporate
if there is new physics below the scale at which the Higgs
potential energy turns around. For example, if there is
supersymmetry around a TeV scale or at a scale not too
far from a TeV, e.g. a few orders of magnitude above a
TeV as in the scenario in Ref. [49], then the problem is
avoided. Alternatively, supersymmetry may exist at an
intermediate scale [50], which may also prevent the Higgs
potential from turning around. (This is the case if the
supersymmetric threshold is slightly below the scale at
which the standard model Higgs quartic coupling would
vanish.) Nonminimal couplings of the Higgs field, either
to gravity [51] or to the inflaton [51, 52], can also obviate
the problem. It was also pointed out in Ref. [53] that the
turnaround of the Higgs potential can be avoided by the
Peccei-Quinn mechanism, which with other assumptions
can even lead to a phenomenologically successful rela-
tionship between the Higgs mass and the dark matter
density.
Nevertheless, the suggestions of the previous para-
graph are speculative, and it is possible that the Higgs
potential actually does become negative above an inter-
mediate scale, e.g. around 1011 GeV, and that there is no
new physics up to the Planck scale, as ISL suggest. We
would argue that, even in this case, there is no problem
8for inflation in the context of an eternally inflating multi-
verse. The key issue is that there is no plausible way that
regions in which the Higgs field has run off to Planckian
values could support life. The large negative vacuum en-
ergy density is enough to ensure that these regions would
collapse to a crunch on time scales far shorter than a sec-
ond, leaving only those (initially very rare) regions where
the Higgs field has rolled toward small values. It has al-
ways been assumed that the multiverse includes a large
number of types of pocket universes that do not sup-
port life, so the possibility described by ISL merely adds
one to that number. For the multiverse framework to be
consistent, it is only necessary that the probability that
intelligent observers find themselves in a pocket universe
like ours is not unreasonably small.
For the Higgs field to remain in the region within the
potential maxima during inflation, there are constraints
on various inflationary parameters, derived in references
cited by ISL [51, 54], that must be obeyed. In particular
there are constraints on the energy scale of inflation, on
the amplitude of tensor fluctuations, and on the ampli-
tude of density perturbations for the case of power-law
potentials, but none of these pose trouble for inflationary
models.
While we see no reason to be concerned with the case
described by ISL—the case in which the standard model
holds exactly up to the Planck scale, with a Higgs poten-
tial that turns negative—in the context of the multiverse
there are other interesting possibilities. One could imag-
ine, for example, a vacuum in the landscape for which the
physics is given by the standard model, except for an off-
set in the vacuum energy density which makes the value
very near zero when the Higgs field is at the Planck scale.
Such a universe would still be inhospitable to life: with
the values of gauge and Yukawa couplings taken from the
standard model, a Planck-scale Higgs expectation value
would make all the standard model particles so heavy
that they would presumably not even be created during
reheating, leaving a universe populated only by photons
(and possibly neutrinos).
One might argue that if the Yukawa couplings vary, be-
coming vanishingly small in such a way that the masses of
the quarks and leptons are fixed at their standard model
values, then the resulting universe might not be very
much different from ours [55]. In this case, the proba-
bility of finding ourselves in such a universe is limited by
the probability of obtaining such tiny couplings in the
landscape, which is likely to be small. In addition, there
may be anthropic reasons associated with the absence
of weak interactions that prevent life in such a universe,
despite the analysis of Ref. [55]. In any event, while
one may continue to speculate about conceivable vacua,
the exercise would only pose trouble for the inflationary
paradigm if someone identified a class of vacua in the
landscape which could be shown to strongly dominate
over our vacuum in probability. This has not happened.
VII. CONCLUSIONS
Inflationary cosmology rests on very firm foundations.
Rather than relying on untested (though certainly in-
teresting) speculations about additional spatial dimen-
sions or repeated collisions of hypothetical branes, infla-
tion builds upon decades of in-depth study of quantum
field theory in curved spacetime. Like many other suc-
cessful modern physical theories, inflation may be un-
derstood as an effective field theory, capable of making
specific, quantitative predictions for observables in var-
ious energy regimes of interest, even in the absence of
complete knowledge of physics at arbitrarily high energy
scales. Many of those quantitative predictions have been
subjected to empirical tests across a wide range of ex-
periments, including most recently with the Planck satel-
lite. Every single test to date has shown remarkably close
agreement with inflationary predictions.
We agree with Ijjas, Steinhardt, and Loeb [12] that im-
portant questions remain. A well-tested theory of physics
at the Planck scale remains elusive, as does a full under-
standing of the primordial singularity and of the con-
ditions that preceded the final phase of inflation within
our observable universe. Likewise, although significant
progress has been made in recent years, a persuasive the-
ory of probabilities in the multiverse has not yet been
found. We strongly disagree with ISL, however, that
these remaining challenges represent any sort of short-
coming of inflationary cosmology. Quite the opposite:
the inflationary paradigm, with its many successes, pro-
vides a framework within which such additional questions
may be pursued.
In assessing the criticisms of inflation by ISL, we have
identified several assumptions in their arguments that we
consider problematic. Most stem from an outdated view
in which a single phase of inflation is assumed (or re-
quired) to persist from the Planck scale to the inflation-
ary scale. None of the quantitative predictions from infla-
tionary cosmology for various observables require such an
assumption, nor does such an assumption seem at all re-
alistic in the light of recent developments in high-energy
theory.
Recent experimental evidence, including the impres-
sive measurements with the Planck satellite of the CMB
temperature perturbation spectrum and the strong indi-
cation from the LHC that fundamental scalar fields such
as the Higgs boson really exist, put inflationary cosmol-
ogy on a stronger footing than ever. Inflation provides
a self-consistent framework with which we may explain
several empirical features of our observed universe to very
good precision, while continuing to pursue long-standing
questions about the dynamics and evolution of our uni-
verse at energy scales that have, to date, eluded direct
observation.
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